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The unique electronic and mechanical properties of metal silicide films renders them of interest as advanced materials in plasmonic devices, lithium-ion batteries, field-emitters, thermoelectric devices, field effect transistors, and nanoelectromechanical switches. However, enabling their use in such applications requires precisely controlling their electronic structure. Here, we use platinum silicide (PtxSi) as a metal silicide model system and demonstrate that the electronic state of PtxSi thin films (1≤x≤3) can be tuned between metallic and semimetallic by changing the silicide stoichiometry. Upon increasing the silicon content in PtxSi, the carrier density systematically decreases, as indicated by both valence band X-ray photoelectron spectroscopy and theoretical density of states (DOS) calculations. Among all PtxSi phases, Pt3Si offers the highest DOS (approximately a threefold increase over PtSi), rendering it a promising material for a variety of novel applications. These results, demonstrating that the electronic structure of thin metal silicide films can be precisely tuned, suggest that metal silicides can be rationally designed to achieve the electronic properties required for specific applications.
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The increasing popularity of MexSi is a consequence of their metal-like electrical properties, semiconductor-like thermal transport, mechanical robustness, and thermal stability. However, Boltasseva et al. 2 and Cheng et al., 3 among others, pointed out that the composition and properties of MexSi need to be carefully optimized to fully utilize their potential in nextgeneration applications. We recently presented a methodology to precisely tune the composition of MexSi thin films by means of controlled solid-state diffusion. 15 This allows for the formation of platinum silicide (PtxSi) thin films over a wide composition range (1≤x≤3), including the novel Pt3Si stoichiometry, with a significant range of mechanical and electronic properties. 12,14, 15 While it is known that the MexSi composition strongly affects the resulting electrical, mechanical, and adhesive properties, 12,14 systematic studies determining the effect of MexSi composition on specific properties are lacking. Here, we compare valence band (VB) X-ray photoelectron spectroscopy (XPS) measurements with density of states (DOS) calculations to elucidate the relationship between composition and electronic structure/properties for PtxSi thin films.
Using source-limited solid-state diffusion (i.e., films are formed by annealing of sequentiallydeposited Pt and Si thin films of specific thickness ratios), 15 we fabricated PtxSi thin films of Pt3Si, Pt2Si, and PtSi. These films were interrogated using high-resolution VB XPS measurements to determine the DOS at the Fermi edge, which accurately determines the 4 electronic structure and many of the electronic properties of these PtxSi films. A high DOS at the Fermi edge is a requirement for having high electrical conductivity. 11 The Fermi edge shape therefore provides an indication of the electronic character of the tested material (metal, semimetal, or semiconductor) as shown schematically in Figure 1a . Metals are characterized by a large quantity of charge carriers (high density of states) near the Fermi edge that allows them to be efficient electrical conductors. Semimetals possess a significantly reduced DOS at the Fermi edge without an energy band gap (which, combined with their typically higher Seebeck coefficient and lower thermal conductivities compared to metals, makes them suitable thermoelectric materials). 16 The Fermi edges of semiconductors are located inside the band gap without any electronic states at the edge. Since XPS probes the occupied states of a material (see Figure 1b) , the intensity of a valence band XPS spectrum directly correlates to the DOS. This relationship allows us to directly compare XPS measurements with theoretical DOS calculations. 17 The Pt-rich Pt3Si film possesses a very high carrier density of 59-61% of the DOS of Pt, which is a more than 3-fold improvement over the PtSi carrier density. As mentioned above, a high DOS at the Fermi level is one of the requirements for having a high electrical conductivity. We performed four point probe measurements on the Pt, Pt3Si, The high electrical conductivity (and correspondingly, the low sheet resistance and resistivity)
of Pt3Si compared to Pt2Si and PtSi could motivate the use of Pt3Si in several applications as a replacement for Pt2Si or PtSi. Most notably for the semiconductor industry, where PtSi is considered as an attractive contact material to the source, drain, and gate for CMOS field effect transistors because of its low Schottky barrier and high thermal stability. However, PtSi suffers from low electrical conductivity due to its low DOS, which this work has verified. Recent work by Slepko and Demkov investigates Ti-doping of PtSi in an attempt to increase its DOS and thereby its electrical conductivity. 11 The researchers succeeded in increasing the DOS of PtSi by approximately 1.7 times through doping with 12.5 at.% Ti. However, while the Ti doping increased the DOS it also introduced Ti impurities that act as scattering centers and decrease the electrical conductivity. Here we were able to show that the Pt3Si phase could solve these issues by inherently possessing a high DOS (approximately 3.4 times higher than DOS of PtSi) and a low sheet resistance and resistivity indicating a high electrical conductivity. Since no doping is necessary to achieve this high DOS, Pt3Si does not suffer from additional creation of scattering centers.
In summary, we show that the electronic structure and properties of PtxSi thin films can be tuned for specific applications between metallic and semimetallic properties by controlling the film stoichiometry. The comparison of valence band X-ray photoelectron spectroscopy spectra with theoretical density functional theory calculations shows that the density of states of Pt3Si is significantly higher than that of Pt2Si and PtSi. The resulting high electrical conductivity of Pt3Si makes this stoichiometry particularly interesting for applications that demand high electrical conductivity combined with high thermal and mechanical stability. W. The thicknesses of the Pt and a-Si films were chosen to obtain nearly pure phases of Pt3Si, Pt2Si, and PtSi upon annealing. 15 The Pt and a-Si depositions were conducted sequentially in the same deposition system under maintained vacuum. This minimizes contaminant adsorption between the layers and oxidation of the a-Si, both of which are inhibiting factors for silicidation.
X-ray photoelectron spectroscopy analysis. The chemistry of the near-surface region was investigated by XPS using a customized XPS spectrometer (VG Scienta AB, Uppsala, Sweden). 24 XPS analyses were performed using a monochromatic Al K source (photon energy 1486.6 eV). The residual pressure in the analysis chamber was consistently less than 1×10 where is the occupation probability for the state with energy , k is the Boltzmann constant and is the temperature, which was selected as 298 K. The DOS for a non-pure compound was 
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